Abstract: Small-angle x-ray scattering (SAXS) was used to determine the structural changes in polyethylene induced by radiation. The changes in densities of the crystalline and amorphous phases, pc and Pa, were calculated after direct determination of the 9 9 2
Introduction
A previous paper [1] reported the results of a study of changes in the crystalline and amorphous densities, Pc and p,, for a branched polyethylene, BPE (Alathon 10) as a function of radiation dose. The results showed that Pa increased with increasing radiation dose, whereas Pc remained unchanged. It was suggested that crosslinks take place primarily in the non-crystalline phase. In that study, the SAXS intensity was obtained from a microdensitometric tracing of a photograph taken with a pinhole camera. The integrdted intensity was approximated as being proportional to the mean-square density fluctuation <r/2> and the volume crystallinity vc was approximated by the weight crystallinity wc. This paper reports the direct determination of <r]2> from SAXS intensity obtained using slit collimation for san3,ples of both linear and branched polyethylene, as well as the use of derived equations for Pa and Pc that are direct functions of p, wc and < 7?2>.
The use of SAXS to determine the densities of the crystalline and amorphous phases of polymers is well known [2] [3] [4] [5] [6] [7] . It has now been demonstrated to be applicable to an irradiated bulk BPE. Among the structural techniques that were used in our earlier study, SAXS intensity measurements were found to be by far the most sensitive in the detection of radiation-induced crosslinking effects. That study was carried out on a branched PE known to consist of small crystallites with substantial lateral grain boundary areas. A question arose if the observed effects were also typical of linear polyethylene, LPE, consisting of larger crystallites and well developed lamellae. A LPE was chosen for the present study, together with another BPE; the same Alathon 10 used primarily for comparative purposes.
Theoretical background
According to Debye and Bueche [8, 9] , and Porod [10] , the invariant Q is defined as where I is the SAXS intensity obtained from pinhole collimation, m = 2a sin 0, and a is the distance between the sample and the plane of registration. Q is independent of the arrangement of scattering units and depends only on the mean-square fluctuation of electron density <7/2>:
where k = (ie/2Zc) k s N 2 = 0.834 x 10 -2. ie is Thompson's constant (7.9 x 10-26), ~, is the wavelength of the CuKa peak, N is Loschmidt's number, P0 is the primary energy, and d is the sample thickness.
For a two-phase structure consisting of crystalline and amorphous phases with densities Pc and p~, <1/2> is given by [10] <r/2> = vc v~(pc -pa)2, (3) where vc and v~ are the respective volume fractions. The density difference (Pc -P~) or zip can be obtained from <7/2> if the volume fractions are known.
In order to determine the crystalline and amorphous densities, Pc and p~, another relation is required: 
These equations are different from those used by others [4, 7] , where they expressed Pc and Pa in terms of vc (then approximated by we), rather than we; their equations are relatively straight forward to derive.
Experimental
Two kinds of polyethylene, a BPE Alathon 10 and a LPE Alathon 7040, were used in our experiments. The Alathon 10 samples were the same ones used in a previous study [1] . The BPE has a density of 0.92 g/cm 3 and a viscosity average molecular weight Mv of 52 200. Alathon 7040 has a density of 0.95 g/cm 3 and a My of 41 500.
Sample preparations and irradiation methods have been described in the previous paper [1] , along with procedures for gelation, density and WAXS measurements. Radiation doses range from 10 to 400 Mrad.
SAXS was conducted on a Rikagu-Denki camera with Ni-filtered CuKc~radiation and slit collimation. Intellsities were recorded with a proportional counter in connection with a pulse height discriminator.
Step scans from 0.1 to 3.0 degrees (2 (9) in increments of 0.05 degrees were made with intensity recorded by measuring the time per 5 000 counts. This results in a probable counting error of less than 1% for each measurement [11] . The smeared SAXS intensity was corrected for slit length using Schmidt's program [12] .
Results
Gel content increases with increasing radiation dose, shown in Fig. 1 , for both Alathon 10 and Alathon 7040, indicating the formation of a network structure in the irradiated samples. Also shown in Figure I are plots of 1/Me against radiation dose. Mc is the average molecular weight between crosslinks calculated from Flory-Huggins' equation [13] . Straight lines are obtained for both materials, indicating that the crosslink density is linearly proportional to the radiation dose in the range studied. Using these constant values, crystallinity appears to increase slightly with radiation. In contrast, Wc determined from WAXS, plotted in solid lines in Fig.  3 , shows a decrease, as generally expected for crosslinked polyethylene with increasing radiation. A similar crystallinity decrease with increasing radiation dose has also been observed from heat of fusion measurements [14] . These noticeable discrepancies can be resolved as we had done previously [1] by using crystalline Pc and amorphous pa density values that have been corrected for the effects of radiation.
A typical slit-smeared SAXS curve is shown in Fig.  4 with error bars included. Collimation corrections for finite slit length were made using Schmidt's program [12] . Figure 5 shows both the slit-smeared and the corrected SAXS curves for unirradiated Alathon 10. The correction not only sharpens the peak, but shifts its position toward a higher angle. The long periods calculated from peak positions are 220 A and since Q depends only on <7/2> (see Eq. (2)). The decrease in <r/R> amounts to 25-30 % of the initial values at 300-400 Mrad, as shown in Fig. 9 and Table  1 . <7/2> was obtained in absolute units (mole-electrons/cm3) 2 using a calibrated Kratky sample. The <772> values are 1.260 x 10 -3 and 1.517 x 10 -3 for unirradiated branched and linear PE, respectively. These values are in excellent agreement with reported values [4, 15] , being between 1.0 x 10 -3 and 1.88 x 10 -3. The densities of the crystalline and amorphous phases, Pc and p~ (Fig. 10) were calculated from Eqs. (5) and (6) using Wc from WAXS, <r/2> from SAXS and p from density gradient column measurements. Values of Pc and p~ are also listed with density, crystallinity, and < r/2> values in Tables 2 and 3 for Alathon 10 and Alathon 7040, respectively. Pc remains essentially constant for both polymers, i.e., 0.983 g/cm 3 for Alathon 10 and 0.993 g/cm 3 for Alathon 7040. There appears to be a small decrease in Pc at small doses for the BPE, though the magnitude of decrease is within the experimental error. In contrast, the amorphous density p~ increases continuously with increasing radiation dose, from 0.863 g/cm 3 to 0.878 ~/cm 3 for branched PE and from 0.840 to 0.863 g/cm ~ for linear PE. These results are in agreement with previous results on Alathon 10 obtained by photographic methods [1] .
Discussion
Again, one significant result from this study is the demonstration of SAXS for determining the structural changes induced by irradiation of PE. Interestingly, the changes can be seen in both LPE and BPE.
The mean-square density fluctuation <772> decreases by 25-30 % of its original value with 300-400 Mrad. This reduction is much greater than the estimated maximum experimental error of 10 %. Even for a dose of 100 Mrad there is a 12 % decrease in <7/2>. In comparison, WAXS, the most commonly used technique for structural determinations, cannot detect a significant change in that dose range. For example, crystallinity determined from WAXS remains almost constant up to 100 Mrad. We now consider in greater detail the various origins for the observed decrease in <rf>.
The lameUar structure of polymers is usually described as having a simple two-phase morphology, with crystalline and amorphous densities Pc and p~ considered constant, and having a sharply defined boundary between the phases. This shnple model has been shown to adequately describe PE both crystallized from solution [2, 15] and from the melt [4, 15] , but has been shown to be invalid for drawn PE [5] and for PET [7] (both drawn and undrawn). The validity of such a two-phase model with respect to irradiated PE may be checked by comparing the experimentally determined values of the mean-square model is a fair approximation for unirradiated PE, but the model is increasingly in error as the radiation dose increases. Thus, the structure of irradiated PE cannot be described by the ideal two-phase model, as had already been implied in our previous study [I] , as well as by the demonstration [I] that corrected Pc and Pa values must be used in order to obtain correct values of vc. The inadequacy of the simple two-phase model for irradiated PE may also imply that a transition region of finite width exists between the crystalline and amorphous phases.
For a system having a transition zone with a linear density gradient, as shown schematically in Fig. 12 , Eq. (3) can be modified as follows [16, 17] : This increase in the width of the transition zone with radiation could be attributed to crosslinks occurring in the boundaries between the crystalline and amorphous lamellae. If so, the increase in the transition width by 36 A at 400 Mrad would cause a decrease in crystallinity to 20 %, assuming only half of the transition width contributes to a decrease of chain length in the crystalline phase. This value is much greater than the observed 4 % decrease in crystallinity. Therefore, this type of transition model is not applicable for crosslinked polyethylene and we may assume the existence of a sharp transition, or at least a constant transition width in the irradiated samples. Consequently, the decrease in <r/a> can only be attributed to a decrease in the denstiy difference between phases, suggesting a decrease in Pc and/or an increase in Pa. This led to our reported values of Pc and Pa in the Results Section. Furthermore, changes in the crystalline and amorphous densities can remove the discrepancy between the crystallinities determined from WAXS and density data, which strongl]( supports the contention that the decrease in <~> is basically zip in origin.
The crystalline density Pc remains essentially constant for linear and branched PE, at a value slightly lower than the ideal value (0.993 and 0.983 compared to 0.998), suggesting the presence of defects in the original crystal structure, expecially for the BPE. In contrast, the amorphous density Pa increases with increasing radiation. The observed increase in Pa with radiation suggests that crosslinks occur primarily outside the crystals in the amorphous phase. Crosstinks within the crystals would cause defects, leading to a continuous decrease in Pc that is not observed in either BPE or LPE. The present findings give additional confirmation to our previous results on Alathon 10 obtained by photographic methods, as well as the conclusions reached there.
Conclusions
The use of SAXS to determine the structural changes in PE caused by radiation-induced crosslinking was confirmed. The crystalline density remains essential] y unchanged, whereas the amorphous density increases with increasing radiation dose for both branched and linear PE. These results indicate that a simple two-phase model, assuming constant Pc and Pa, is not valid for the crosslinked PE. The results also explain the discrepancy between crystallinities determined from WAXS and density measurements. The constant values of crystalline density suggests no crosslinks form within crystals; crosslinking takes place primarily in a non-crystalline phase.
